The late Frits Sobels developed a parallelogram model to estimate genetic risk to humans based on experimental data in somatic cells (peripheral blood) of exposed animals and humans and on data from progeny studies of exposed animals (mice 619-624 (1996) 
. In this scheme, the male rodent dominant lethal test was identified as the method of choice to recognize germ cell mutagens. Based on information from the male rodent dominant lethal test, preventive measures against exposure to mutagens are possible by classifying the chemical as a germ cell mutagen. Many chemicals have been or are being used unavoidably such as ionizing radiation and cancer therapeutic agents, to name the most obvious; for these agents, germ cell mutagenicity in rodents is well established by demonstrating induced transmissible mutations. It is an often-cited fact that the induction of genetic disease in humans has not been proven by epidemiological studies (2) ; there is a gap between demonstrating induced mutational events (3) and assessing an increased incidence of genetic disease in progeny of exposed humans, which we are currently not able to bridge (4) . It will require a huge effort to improve genetic epidemiology in ord& to provide reliable information on environmentally induced genetic disease. Major improvements are needed in estimating spontaneous mutation frequencies underlying the prevalence of genetic disease and in designing sensitive parameters to determine increases in genetic disease such as sentinel phenotypes (5) . Although available epidemiological studies of radiation-exposed populations or cancer patients do not demonstrate induced genetic disease, we should not dismiss the serious danger that environmental exposure to mutagens increases the genetic burden of humans.
In the absence of direct proof of a human genetic risk and its magnitude, the extrapolation from animal models to humans is the only method of choice. Several studies have shown that radiation or chemicals can increase chromosomal aberrations in human germ cells (6) (7) (8) (9) (10) . These studies provide proof that the human germ cell genome is mutated similar to the rodent germ cell genome; however, the methodologies (human testicular biopsies or human sperm/hamster egg in vitro fertilization) are too impractical to be employed routinely. Modern molecular techniques provide tools to detect genetic alterations including DNA damage, mutations, and aneuploidy in rodents and humans. The sperm studies have the advantage that they cover the extrapolation gaps between rodents and humans, but they have the disadvantage of assessing the genetic alterations in germ cells as opposed to genetically affected progeny. Incorporating the sperm studies into the parallelogram approach of genetic risk assessment (11) will be an important step to improve the validity of quantifying human genetic risk based on animal experiments.
Present Methods of Germ Cell Studies
The dominant lethal test (12) has been mentioned above as the tool to detect germ cell mutagenicity. It is commonly performed with acutely treated male animals that are mated at different intervals after treatment to cover the entire period of male germ cell development (13) . This protocol provides valuable information on sensitive stages, which can be different from chemical to chemical even if they are structurally related (14) . Because (28) . It is comparatively difficult to test the differentiated post-stem cell stages with their limited life span. Repeated experiments are necessary to obtain the recommended samp 12,000 to 18,000 progeny (29) one of the characteristics and, at time, the main disadvantage of all tests. Due to the low spontaneot tion frequency (in the order of I any of the employed marker gen numbers of progeny have to be c Clear and easy-to-detect phenot necessary to screen the required of progeny, and large animal facili prerequisite. They only exist in half a dozen laboratories aro world. It becomes understanda only a small database exists for th locus assay even though it has b for decades.
Another disadvantage of the locus assay is the fact that only six loci are being tested. Their mt varies widely, and the question raised of how representative thesc for the entire genome. To incr number of tested loci by a factor c multiple end point approach was d by Ehling et al. (30) . In this appr progeny are screened for the 7 recessive loci and for 23 loci co protein-charge changes (22) (23) (24) for enzyme activity alterations ( about 30 loci coding for dominan mutations (21) . The results with radiation and two selected chemica nitrosourea (ENU) and procarbazi cate that the mutability of the ( marker genes varies by an order o tude, with the dominant catara being 10 times less mutable t morphological specific locus genes.
)le size of Other genetic end points used for t. This is progeny testing have certain disadvantages the same because they are extremely laborious. The progeny test for dominant skeletal abnormalities us muta- (19, 31) has been modified to ease the 1/106) of amount of animal breeding, but the modiies, large fied test procedure does not prove the )bserved. heritability of the observed variant phenotypes are types (20) . Histocompatibility loci have numbers also been used, but the identification of ities are a variants by skin graft rejection is extremely less than difficult (26) . Dominant visible mutations und the should be and are assessed along with ible that other phenotypes; however, they require .e specific highly experienced observers and are easily een used overlooked (18) .
Transmissible chromosomal damage is specific tested in the heritable translocation assays. to seven The most arduous procedure by far is the atability determination of the translocation carriers is often among the progeny by reduced fertility, fole loci are lowed by cytogenetic confirmation. Because rease the the spontaneous translocation frequency is )f 10, the two orders of magnitude higher than for leveloped the phenotypic markers, it requires fewer oach, the progeny to be screened (27 The direct method gives the expected number of newly occurring cases of genetic disease in a certain exposed human population independent of the spontaneous mutation frequencies. It is based on data from the cataract test or other tests employing dominant marker genes. The mutation frequency to dominant traits is determined experimentally for a particular organ system and multiplied by a factor for all possible dominant mutations in humans and the human exposure dose.
The application of both methods to calculations of human genetic risks requires certain assumptions: the various biological and exposure factors affect the magnitude of the induced mutation frequency in a similar way and to a similar extent in mice and humans, and there is a linear or linear quadratic dose response.
The main uncertainty lies in the second assumption. The extrapolation occurs from high acute exposure to low chronic exposures of the human environmental exposure situation. There are no data with any of the above assays on low chronic exposure to chemical mutagens. Fractionation experiments with ENU have shown that the data gave the best fit to a threshold model (33 
Transgenic Mouse Germ Cell Studies
With the transgenic mouse systems using the X shuttle vector lacIq, lacZa (Big Blue mice), it was shown that mutations induced by ENU in male germ cells could be successfully assessed (36) . Transversions, transitions, and deletions of base pairs were identified (37) . Interestingly, the spontaneous mutation frequencies are an order of magnitude higher in somatic tissues than in male germinal tissue (38) ; however, the mutation frequencies induced by ENU and chlorambucil are mostly in the same order of magnitude in testicular tissue as in somatic tissues (39) . The database contains only these two model germ cell mutagens so far (40) .
The advantage of the transgenic mouse system is that somatic and germinal cell samples can be studied within an animal to quantify and compare the mutational events that may lead to cancer or genetic disease. The mutations can be sequenced and the nature of the mutational process can thus be determined. A collaborative study on transgenic germ cell mutation assays, which has been initiated recently (41), will generate data for ENU (as the standard), methyl methanesulfonate, and isopropyl methanesulfonate. Details of the sampling protocol (site and timing) for male germ cells and procedures of lambda packaging of DNA will be tested and standardized. It remains to be determined how well the transgenic mouse systems recognize germ cell mutagens qualitatively, in regard to germ cell stage sensitivity, and quantitatively.
Sperm Assays
Molecular techniques can now be applied to studies of sperm for all classical mutagenicity end points, mutation induction, DNA breakage, and aneuploidy. These methods for the first time provide tools to compare germ cell effects of external exposure between rodents and human subjects. The comparison, on a quantitative basis, will substantiate or disprove the validity of the classical extrapolation of animal data to human genetic risk.
A method developed by Parry et al. (42) can detect base changes in restriction enzyme recognition sites (RSM). This method is based upon the detection of DNA sequences resistant to the cutting action of specific restriction enzymes and the amplification of these resistant sequences using polymerase chain reaction. The RMS method can be used to study induced base changes in any species, tissue, and genes of known DNA sequence for which unique DNA primers are available, and which contain a number of unique restriction enzyme recognition sites. The RSM method has been adapted to testicular samples, and experiments using the technique to compare mutation induction between somatic and sperm cells and between rodent and human tissue samples are presently under way JM Parry, personal communication).
To detect DNA breakage, the single cell gel electophoresis assay, the comet assay, has gained worldwide recognition (43, 44) . DNA breakage is required for the formation of structural chromosome aberrations (clastogenicity), and thus the comet assay can serve as an indicator test to assess the potential clastogenic effect of a chemical. The application of the comet assay to sperm encounters certain technical problems that are being addressed and that will be solved soon. It is very likely that this technique will be much quicker than the laborious and time-consuming analysis of structural chromosomal damage in first cleavage divisions of the mouse sperm genome after in vivo fertilization (45) or of the human sperm genome after in vitro fertilization with hamster eggs (7) (8) (9) (10) (11) ; this model was based on experimental data in somatic cells (peripheral blood) of exposed animals and humans and on data from progeny studies of exposed animals (mice). In this parallelogram, DNA adduct measurement is regarded as the internal dose assessment (50) . Recendy, an extension to the original parallelogram model was proposed (Figure 1 ) to bridge the gap of extrapolation between rodent and human germ cells by studying sperm samples (51) .
It is very difficult to extrapolate from mutation rates in somatic cells to rates of genetically altered progeny. It is more promising to compare rodent and human sperm data with data from rodent progeny tests to derive an estimate of human progeny at risk. Therefore, data on all possible end points, DNA adducts, mutations, chromosomal aberrations, and aneuploidy, should be obtained in sperm of exposed rodents and humans. Sperm themselves to automated analyses because they are a homogeneous cell population. By flow cytometry or image analysis, large cell samples can be studied per individual. Animal experiments could be conducted in the actual range of chronic human exposure to low doses. The acceptability of extrapolation from the high acute doses so far used in animal experiments to low chronic doses of human exposure could be assessed. Proof that data from animal experiments can be extrapolated to humans could be obtained in human germ cells.
Conclusion
The area of mutation research developed from radiation genetics, and the concern was that heritable damage could be induced not only by ionizing radiation but also by mutagenic chemicals. Thus, in the beginning, the genetic burden to future generations was the driving force for the development in the research area. With the recognition of correlations between somatic mutations and cancer development and with the observation in the mid-1970s that rodent carcinogens were also bacterial mutagens, the concern and the efforts were directed towards carcinogen identification. Mutation research benefited from this concern by the introduction of international guidelines for mutagenicity testing; however, the original concern of chemically increased genetic ill health in the human population was only maintained by a few researchers. Presently, the technologies of molecular genetics provide tools to open new horizons to germ cell mutagenicity testing, and the field of mutation research is receiving new impulses for improvement of genetic risk estimation.
